*Abbreviation used in this paper:* IVM, ivermectin.

INTRODUCTION
============

Ivermectin (IVM), a semisynthetic derivative of the natural fermentation products of *Streptomyces avermitilis* ([Fig. 1](#fig1){ref-type="fig"} A), is widely used in human and veterinary medicine as an antiparasitic agent ([@bib5]). In humans, more than 18 million people receive IVM annually, predominantly to treat onchoceriasis (river blindness). Experiments on model organisms strongly suggest that at therapeutic levels, IVM activates glutamate-gated chloride channels in the nerves and muscles of the parasite, leading to membrane hyperpolarization and muscle paralysis ([@bib9], [@bib10]). Thus, the major mode of action of IVM is most likely the disruption of ingestive activity of the parasite, resulting in starvation. An IVM-sensitive glutamate-gated chloride channel was first cloned from *Caenorhabditis elegans* using expression cloning ([@bib6]). Two cDNA clones (GluCl α and GluCl β) were isolated that form functional homomeric and heteromeric channels. Interestingly, the binding site for IVM was on the α subunit while the binding site for glutamate was on the β subunit. In channels containing both subunits, IVM directly activated the channels at high concentrations and at low concentrations potentiated the response to glutamate. Thus, IVM is both an agonist and an allosteric modulator of glutamate gated chloride channels. Subsequently, a glutamate-gated chloride channel subunit was cloned that forms homomeric glutamate and IVM-sensitive channels ([@bib9]; [@bib36]). The three *C. elegans* genes encoding the glutamate-gated chloride channel subunits collectively account for the sensitivity of the nematode to IVM (for review see [@bib5]; [@bib10]; [@bib20]).

Several other ligand-gated ion channels are activated and/or modulated by IVM. These include a crayfish multiagonist--gated chloride-selective channel ([@bib38]); GABA~A~ receptors from nematode ([@bib13]), chick ([@bib32]), mouse ([@bib22]), rat ([@bib1]), and human ([@bib8]); α7 nicotinic receptors from chick and human ([@bib21]), human glycine receptor ([@bib31]), the histamine receptor from fly ([@bib37]), and the P2X~4~ receptor channel from rat ([@bib18]; [@bib4]). This seeming nonspecific nature of IVM action on ligand-gated channels is misleading since several instances of specificity exist. For example, P2X~2~, P2X~3~, and P2X~7~ receptor channels, which are homologous to the P2X~4~ receptor channel, are not modulated by IVM, indicating that specific structural requirements most likely exist for IVM action.

P2X receptors are cation-selective channels gated by extracellular ATP ([@bib29]). Of the seven cloned subunits (P2X~1~--P2X~7~), all but P2X~6~ can form functional homomeric cation-selective channels. As mentioned above, [@bib18] investigated the effects of IVM on homomeric rat P2X~2~, P2X~3~, P2X~4~, and P2X~7~ receptor channels expressed in *Xenopus* oocytes using the double-electrode voltage-clamp technique and found only P2X~4~ to be sensitive to IVM. IVM alone did not directly activate the P2X~4~ receptor channels, but preincubating the oocytes with 0.1--10 μM IVM had dramatic effects on the current activated by ATP. IVM increased the maximal current activated by saturating ATP concentrations and slowed the rate of current deactivation after the washout of ATP. In addition, IVM increased the potency of ATP and of the weak agonist α,β-methylene-ATP. Together, these results indicate that IVM is an allosteric modulator of rat P2X~4~ receptors, but do not reveal the mechanisms by which IVM modulates the channels.

To better understand the molecular effects of IVM on P2X~4~ receptor channels, we examined the changes induced by IVM to whole-cell and single-channel currents of the human P2X~4~ (hP2X~4~) receptor channel expressed in HEK293 cells. We found that IVM likely binds to separate extracellular sites on the hP2X~4~ receptor channel to modulate current amplitude and the rate of current deactivation. At low concentrations IVM predominantly augments the maximal current activated by ATP, while higher concentrations of IVM predominantly slow the rate of current deactivation and increase the potency of ATP. The single-channel data suggest that IVM increases current amplitude by reducing channel desensitization, while the slowing of current deactivation results primarily from the stabilization of an open conformation of the channel.

MATERIALS AND METHODS
=====================

Materials
---------

Solutions for electrophysiology were made with highly purified water (NANOpure) using chemicals of analytical grade. ATP (potassium salt) and IVM were purchased from Sigma-Aldrich. Solutions containing ATP were prepared freshly each day and the pH of the solution was readjusted. IVM was dissolved in DMSO (Sigma-Aldrich); the stock solutions were kept at −20°C for 2 wk. The concentration of DMSO in the final solutions did not exceed 0.03%.

Cell Culture
------------

Human embryonic kidney cells (HEK293) stably transfected with human P2X~4~ (provided by Dr. Soto and Dr. Stühmer) were grown in DMEM/F12 supplemented with 10% fetal calf serum, 100 units ml^−1^ penicillin, 100 mg ml^−1^ streptomycin, and 0.5 mg/ml geneticin (G-418) in a 37°C incubator with 95% air and 5% CO~2~. When the cultures were 70--90% confluent, the cells were mechanically dispersed and plated on 9-mm coverslips in 35-mm culture dishes, and used for recording within 1--3 d. Cells were used up to passage 15. All cell-culture chemicals were purchased from GIBCO BRL.

Whole-cell Current Recording
----------------------------

Membrane currents were recorded using the standard whole-cell configuration of the patch-clamp technique ([@bib30]). Once the whole-cell configuration was established, the cell was continuously superfused with extracellular solutions via a computer-controlled rapid perfusion system (RSC-200; Biologic). Experiments were initiated at least 2 min after establishing the whole-cell configuration to allow equilibration of the cytosol with the pipette solution. Membrane currents were recorded under voltage-clamp using an Axopatch 200A patch-clamp amplifier (Axon Instruments, Inc.) and stored on VCR tape for subsequent analysis (VR-10B; Instrutech). Membrane currents were also digitized on-line using a Digidata 1200 interface board and pCLAMP 6.03 software (Axon Instruments, Inc.). The sampling frequency was set to at least two times the corner frequency of the low-pass filter. The standard extracellular solution contained (mM): 140 NaCl, 5.4 KCl, 0.5 MgCl~2~, 2 CaCl~2~, 10 HEPES, and 10 D-glucose, adjusted to pH 7.4 with NaOH, 315--320 mOsmol Kg^−1^. The standard pipette solution contained (mM): 140 KCl, 2 MgCl~2~, 2 TEA-Cl, 11 EGTA, 10 HEPES, adjusted to pH 7.2 with KOH, 330 mOsmol Kg^−1^.

Whole-cell perforated-patch current recordings were performed as previously described ([@bib17]; [@bib34]). A 100-mg/ml stock of nystatin was prepared fresh every 2 h in DMSO, and diluted 1:1,000 with pipette solution containing (mM): 75 K~2~SO~4~, 55 KCl, 5 MgSO~4~, and 10 HEPES, adjust to pH 7.2 with KOH, 310--315 mOsmol Kg^−1^. The extracellular solution contained (mM): 160 NaCl, 2 CaCl~2~, and 10 HEPES, adjust to pH 7.4 with NaOH, 330 mOsmol Kg^−1^. Only cells that had a series resistance of \<15 MΩ were analyzed.

Single-channel Current Recording
--------------------------------

Single-channel currents were recorded in either the outside-out patch configuration or the on-cell (cell-attached) configuration of the patch-clamp technique ([@bib16]). For the outside-out recordings, the dissociated cells were anchored to the bottom of the experimental chamber using glass coverslips coated with concanavalin A (Sigma-Aldrich), as described by [@bib19]. The external solution contained (mM): 147 NaCl, 1 CaCl~2~, 10 HEPES, and 11 D-glucose, adjust to pH 7.4 with NaOH, 320 mOsmol Kg^−1^. Several different concentrations of Ca^2+^ (between nominally Ca^2+^ free and 2 mM) were tested in the outside-out and cell-attached configurations, as Ca^2+^ has been shown to block P2X~2~ receptor channels ([@bib11]). In nominally Ca^2+^-free solution the outside-out patches were unstable and the cell-attached patches were very noisy in the presence of IVM; hence, 1 mM CaCl~2~ was used. The pipette solution contained (mM): 140 NaF, 5 NaCl, 10 EGTA, and 10 HEPES, adjust to pH 7.0 with NaOH, 315--320 mOsmol Kg^−1^. F^−^ was used as the major anion in the pipette solution since it was very difficult to obtain an outside-out patch when only Cl^−^was used. In whole-cell experiments, the effects of IVM were the same when either Cl^−^ or F^−^ were the major intracellular anion. Single-channel currents were low-pass filtered at 5 kHz, digitized at 50 kHz, and stored on both VCR and computer. Occasional large brief noise spikes were visually identified and removed from the current traces. For the on-cell recordings, the pipette solution (external solution) contained (mM): 154 NaCl, 1 CaCl~2~, and 10 HEPES, adjust to pH 7.4 with NaOH, 320--325 mOsmol Kg^−1^. The currents were filtered and digitized as described for the outside-out patch configuration.

Data Analysis
-------------

The durations of open and shut intervals were measured with half-amplitude threshold analysis, as described previously ([@bib24], [@bib25]). The methods used to log bin the intervals into 1-D dwell-time distributions, fit the distributions with sums of exponentials using maximum likelihood fitting techniques (intervals less than two dead times were excluded from the fitting), and determine the number of significant exponential components with the likelihood ratio test, have been described previously ([@bib2]; [@bib24], [@bib25]). The 1-D dwell-time distributions are plotted with the [@bib33] transformation, as the square root of the number of intervals per bin with a constant bin width on logarithmic time axis.

To estimate the association rate constant, dissociation rate constant, and the equilibrium dissociation constant for the effects of IVM, it was assumed that there is no cooperativity in the binding of IVM, that the receptors are homogenous, and that the effects of IVM can be described by a second order reaction of the type:

where R is the receptor (channel), M is the modulator (IVM), and K~+1~ and K~−1~ are the association and dissociation rate constants, respectively. Accordingly, the equilibrium dissociation constant (K~d~) is given by: $$\documentclass[10pt]{article}
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The relationship between the association and dissociation rate constants and the time course of the observed changes in the current after the addition of IVM (τ~on~) and after the washout of IVM (τ~off~) are given by: $$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}\frac{{\mathrm{1}}}{{\mathrm{{\tau}}}_{{\mathrm{on}}}}={\mathrm{k}}_{{\mathrm{1}}}{\times} \left \left[{\mathrm{M}}\right] \right +{\mathrm{k}}_{-{\mathrm{1}}}\end{equation*}\end{document}$$ $$\documentclass[10pt]{article}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{mathrsfs}
\usepackage{pmc}
\usepackage[Euler]{upgreek}
\pagestyle{empty}

\oddsidemargin -1.0in

\begin{document}
\begin{equation*}\frac{{\mathrm{1}}}{{\mathrm{{\tau}}}_{{\mathrm{off}}}}={\mathrm{k}}_{-{\mathrm{1}}}{\mathrm{.}}\end{equation*}\end{document}$$

RESULTS
=======

[Fig. 1](#fig1){ref-type="fig"} B shows membrane currents recorded in the whole-cell configuration of the patch-clamp technique in response to 10 μM extracellular ATP at a holding potential of −50 mV. The cell was continuously perfused with the standard extracellular solution while ATP was applied for 3 s every 3 min (indicated by short bars above the downward current traces). As a result of either partial recovery from desensitization or of rundown, the response to the second application of ATP in the control period was smaller than the first. However, after the addition of 3 μM IVM to the extracellular solution, the current in response to ATP increased while the current in the absence of ATP (holding current) was unchanged. After the removal of the IVM the ATP-induced currents returned to the control level. These effects of IVM are consistent with previous work on the rat P2X~4~ receptor channel studied in *Xenopus* oocytes ([@bib18]; unpublished data).

![IVM reversibly augments the response of hP2X~4~ to ATP. (A) The structure of IVM (taken from Merck Index). (B) Whole-cell current traces in response to ATP (10 μM) applied for 3 s every 3 min (short bars) before, during, and after the application of IVM (3 μM), as indicated above the current traces. Holding potential −50 mV.](200308986f1){#fig1}

IVM Does Not Modulate hP2X~4~ Channels from within the Cell
-----------------------------------------------------------

The gradual onset and washout of the effects of IVM, as well as its lipophilic nature, suggest that IVM might need to penetrate the cell in order to modulate the channel. If this is the case, then IVM should be effective if directly introduced into the cell via the patch pipette. In such experiments, the first response to 10 μM ATP was measured 20 s after establishing the whole-cell configuration and thereafter at 3-min intervals. The response to the first application of ATP was taken to represent the control response to ATP. Intracellular IVM (3 μM) had no detectable effect on the amplitude or on the rate of deactivation of the current activated by ATP within 6 min. In contrast, 5 min after the addition of 3 μM IVM to the extracellular solution, the maximal current increased in the same cell 6.7-fold. A similar lack of effect of intracellular IVM and a significant effect of extracellular IVM was observed in five out of five experiments. On average, the enhancement in current amplitude induced by extracellular IVM in cells exposed to intracellular IVM was similar to the enhancement in current induced by extracellular IVM alone ([Fig. 2](#fig2){ref-type="fig"} B). This indicates that intracellular IVM has no obvious effect on the hP2X~4~ receptor channels. We conclude that IVM modulates the hP2X~4~ receptor channels from outside the cell, though the possibility that IVM must partially embed in the membrane in order to modulate the channels cannot be excluded.

![IVM does not modulate hP2X~4~ receptor channels from within the cell. (A) Whole-cell current traces in response to ATP (3 μM) applied for 3 s every 3 min (short bars) before and after the addition of IVM (3 μM) to the extracellular solution, as indicated above the current traces. The first application of ATP was 20 s after establishing the whole-cell configuration. The standard pipette solution also contained IVM (3 μM). Holding potential of −50 mV. (B) Average (±SEM) amplitude of the whole-cell current activated by extracellular ATP (3 μM) 6 min after the addition of 3 μM IVM to the extracellular solution (IVM~out~), 6 min after exposure to intracellular 3 μM IVM (IVM~in~), or 5 min after the addition of 3 μM extracellular IVM to the cells exposed to intracellular IVM for 6 min (IVM~in~ + IVM~out~). The amplitudes were normalized to the control response (dashed line). The bars represent between 5--14 cells. The statistical significance between IVM~out~ and IVM~in~ was determinate with the unpaired Student\'s *t* test, where \*\*\* represent P \< 0.001, and between IVM~in~ + IVM~out~ and IVM~in~ with paired Student\'s *t* test, where \*\* represent P \< 0.01.](200308986f2){#fig2}

IVM has Two Distinct Effects on hP2X~4~ Channels
------------------------------------------------

To better resolve the onset of the effect of IVM, a lower concentration of ATP (3 μM) was applied. With this lower concentration of ATP the current largely recovered from desensitization within 2 min and thus the response to ATP could be probed at 2-min intervals. The current traces in response to ATP shown in [Fig. 3](#fig3){ref-type="fig"} A are superimposed in [Fig. 3](#fig3){ref-type="fig"} B. Similar to the effects of IVM on the P2X~4~ receptor channel from rat ([@bib18]), IVM appeared to have at least two effects on the ATP-activated current: IVM increased the maximal current and slowed the rate of current deactivation after the washout of ATP. The distinct effects of IVM on current amplitude and on the rate of deactivation were more clearly resolved after the washout of IVM, as demonstrated in [Fig. 3, C and D](#fig3){ref-type="fig"}. The first current trace in [Fig. 3](#fig3){ref-type="fig"} C shows the response to 10 μM ATP applied for 3 s to a cell exposed to 3 μM IVM for 6 min. ATP was then applied at 3-min intervals with the next application occurring 130 s after washing out the IVM. Within the 2 min of the washout of IVM, the pronounced effect of IVM on the rate of deactivation was greatly reduced, whereas the increase in current amplitude induced by IVM was almost unchanged. This differential rate of recovery from the effects of IVM, most clearly seen when the ATP-activated currents are superimposed ([Fig. 3](#fig3){ref-type="fig"} D), unambiguously demonstrates that IVM exhibits two distinct actions on P2X receptor channels.

![IVM has two distinct effects on hP2X~4~ receptor channels. (A) Whole-cell current traces in response to ATP (3 μM) applied for 3 s every 2 min (short bars) before and during the application of IVM (3 μM), as indicated above the current traces. Holding potential of −60 mV. (B) Superposition of the current traces in A. (C) Whole-cell current traces in response to ATP (10 μM) applied for 3 s every 3 min (short bars) in the presence of IVM (3 μM) and after the washout IVM, as indicated above the current traces. The first exposure to ATP was after the cell was exposed to IVM (3 μM) for 6 min. IVM was washed out 50 s after the first application of ATP. Holding potential of −50 mV. (D) Superposition of the current traces in C.](200308986f3){#fig3}

[Fig. 4](#fig4){ref-type="fig"} summarizes the time course of the effects of IVM on current amplitude and on the rate of current deactivation. [Fig. 4](#fig4){ref-type="fig"} A shows the time course of the average normalized change in the amplitude of the ATP-activated current (I~max~) after the wash-in of 3 μM IVM (left) and after washout (right). Fitting single exponential functions to the data yielded time constants of 1.9 and 11.5 min, respectively (solid lines). As a first approximation, the apparent association rate constant, dissociation rate constant, and the equilibrium dissociation constant for the effect of IVM on current amplitude were estimated assuming a second order reaction to be 1.5 × 10^5^ M^−1^ min^−1^, 0.087 min^−1^, and 5.9 × 10^−7^ M, respectively (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps} for details).

![The changes in I~max~ and *t* ~1/2~ induced by IVM have distinct kinetics. Average (± SEM) normalized amplitude (A) and *t* ~1/2~ (B) of the whole-cell currents activated by extracellular ATP (3 μM) as a function of time after the addition of 3 μM IVM (left) and after the washout of IVM (right). The left and right graphs are the average of three and seven cells, respectively. The solid lines are exponential fits to the data.](200308986f4){#fig4}

The time at which the current declined to half the maximal value (*t* ~1/2~) after the washout of ATP was taken as a measure of the rate of deactivation since the time course of current deactivation could not be fit by a single exponential. [Fig. 4](#fig4){ref-type="fig"} B shows the average normalized change in *t* ~1/2~ induced by 3 μM IVM after wash-in (left) and after the washout of IVM (right). As for I~max~, single exponential functions fit the data, with time constants of 4.6 and 2.2 min, respectively. However, the rate of recovery during washout was faster than the rate of onset, indicating that the effect of IVM on current deactivation is not a simple second order reaction. In other words, more than one IVM molecule likely binds to the receptor in order to induce a change in the rate of current deactivation (see [discussion]{.smallcaps}). The apparent deviation from second order reaction for the effects of IVM on *t* ~1/2~ as well as the difference in the rates of onset and recovery of the effect of IVM on I~max~ and on *t* ~1/2~ point to at least two distinct effects of IVM on the hP2X~4~ receptor channel.

The Effects of IVM on Current Amplitude and on the Rate of Deactivation Have Distinct Concentration-response Relationships
--------------------------------------------------------------------------------------------------------------------------

IVM is a mixture of \>90% of 22,23-dihydroavermectin B~1a~ and \<10% of 22,23-dihydroavermectin B~1b~ ([Fig. 1](#fig1){ref-type="fig"} A). Hence, is it possible that the two components of IVM bind to the same site with different affinities and have disparate effects on channel gating? In this case, the concentration dependence for the two effects should be identical because the ratio of the two components does not change as the concentration of the mixture is changed. At equilibrium, the ratio of channels bound by the B~1a~ and B~1b~ components will remain fixed as long as the ratio of the two components in the solution is constant. To examine this possibility we studied the concentration dependence for the two effects of IVM on the P2X~4~ receptor channel. Each cell was exposed to ATP (3 μM) for 3 s under control conditions and after exposing the cell to IVM for 5 min, and I~max~ of the second application of ATP was then normalized to I~max~ of the first application of ATP. An incubation time of 5 min in IVM was chosen in order to minimize the effects of desensitization/rundown, and since the effect of IVM on I~max~ approached steady-state by this time ([Fig. 4](#fig4){ref-type="fig"} A). The concentration-response relationship for the effect of IVM on I~max~ is presented in [Fig. 5](#fig5){ref-type="fig"} (circles). The concentration-response relationship was fitted by the Hill equation: $$\documentclass[10pt]{article}
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\begin{equation*}y=y_{con}+\frac{a \left \left[IVM\right] \right ^{n}}{ \left \left[IVM\right] \right ^{n}+EC_{50}^{n}}{\mathrm{,}}\end{equation*}\end{document}$$where *y* is I~max~ in response to 3 μM ATP at a given concentration of IVM, *y* ~con~ is I~max~ in response to 3 μM ATP in the absence of IVM, *a* is the maximal fold increase in I~max~ induced by IVM, *n* is the Hill coefficient, and *EC* ~50~ is the concentration of IVM (\[IVM\]) yielding an effect half the maximum. From the fit, EC~50~ was estimated to be 0.25 ± 0.02 μM, similar to the equilibrium dissociation constant calculated from the association and dissociation rate constants (0.59 μM). The Hill coefficient (*n*) and the maximal increase in current amplitude (*a*) were estimated to be 2.4 ± 0.5- and 6.6 ± 0.3-fold, respectively.

![The two effects of IVM have distinct affinities to IVM. Normalized concentration-response relationships for the effects of IVM on I~max~ (empty circles) and on *t* ~1/2~ (full squares). Each point represents the average (±SEM) response of six cells 5 min after the addition of IVM. Solid lines are fits to the Hill equation with EC~50~ and *n* of 0.25 μM and 2.4, and 2.0 μM and 1.7 for I~max~ and *t* ~1/2~, respectively. The concentration-response relationship for *t* ~1/2~ 20 min after the addition of IVM is also shown (empty squares).](200308986f5){#fig5}

The equilibrium dissociation constant for the effect of IVM on *t* ~1/2~ was initially approximated by constructing an IVM concentration-response relationship from the currents measured after 5 min in IVM ([Fig. 5](#fig5){ref-type="fig"}, filled squares). The Hill equation was fitted to the concentration-response relationship giving an EC~50~, *n*, and *a* of 2.0 ± 0.1, 1.7 ± 0.2, and 42 ± 2-fold μM, respectively. After 5-min incubation with 3 μM IVM, the effect of IVM on *t* ~1/2~ is ∼75% of the maximal effect ([Fig. 4](#fig4){ref-type="fig"} B). To test to what extent the data at 5 min reflects the steady-state concentration-response relationship, the effect of IVM on *t* ~1/2~ after 20 min was examined. The normalized concentration-response relationships for 5- and 20-min incubation in IVM are similar ([Fig. 5](#fig5){ref-type="fig"}), indicating that the initial estimate of EC~50~ and *n* represent the steady-state effects of IVM on *t* ~1/2~. Thus, the concentration-response relationships for the effects of IVM on I~max~ and on *t* ~1/2~ are indeed displaced in relation to each other.

These results indicate that the two effects of IVM cannot be attributed to distinct effects of the B~1a~ and B~1b~ components binding to the same site. We conclude, therefore, that IVM binds to two separate sites on the hP2X~4~ receptor channel: a higher affinity site that primarily affects I~max~ and a lower affinity site which affects *t* ~1/2~ (see [discussion]{.smallcaps}).

IVM Modulates the Efficacy of ATP
---------------------------------

To determine whether IVM has an effect on the efficacy of ATP, concentration-response relationships for the effect of ATP were constructed in the absence and presence of IVM. To this end, whole-cell currents were recorded using the perforated-patch whole-cell configuration of the patch-clamp technique to avoid the decline in current amplitude observed in the conventional whole-cell configuration during repeated ATP applications. A concentration-response relationship for the effect of ATP in the absence of IVM was constructed first. For each cell, different concentrations of ATP were applied, and each tested concentration of ATP was bracketed by a measurement with 3 μM ATP. The currents were then normalized to the current activated by the preceding dose of 3 μM ATP. Only cells in which the response to 3 μM ATP did not change by \>20% were analyzed further. [Fig. 6](#fig6){ref-type="fig"} A shows superimposed current traces measured from a single cell in response to 0.3, 1, 3, or 100 μM ATP applied for 2 s under control conditions. The resulting concentration-response relationship for ATP in the absence of IVM (averaged from seven experiments) is shown in [Fig. 6](#fig6){ref-type="fig"} B (empty circles). The Hill equation was fitted to the data (solid line) with an EC~50~ *n* and maximal current of 3.8 ± 0.8 μM, 0.8 ± 0.1, and 300 ± 16 pA, respectively.

![The functionally distinct sites for IVM have different effects on the efficacy of ATP. (A) Perforated-patch whole-cell current traces in response to different concentrations of ATP applied for 2 s, as indicated. Holding potential −50 mV. (B) Concentration-response relationships for ATP in the absence (empty circles) or presence of either 0.2 μM (full circles) or 1.0 μM (full inverted triangles) IVM. Each point represents the average (±SEM) of 6--8 cells. Solid lines are fits to the Hill equation.](200308986f6){#fig6}

Next, cells were exposed either to 0.2 μM IVM, a concentration of IVM which primarily affects I~max~ ([Fig. 5](#fig5){ref-type="fig"}) or to 1.0 μM IVM, which also affects *t* ~1/2~ ([Fig. 5](#fig5){ref-type="fig"}). Each cell was exposed to IVM for at least 25 min before current recording was attempted in order to provide sufficient time for IVM to equilibrate (see [Fig. 4](#fig4){ref-type="fig"}). The resulting concentration-response relationships for added ATP, averaged from eight experiments for 0.2 μM IVM (filled circles) and seven experiments for 1.0 μM IVM (filled inverted triangles), are shown in [Fig. 6](#fig6){ref-type="fig"} B. The EC~50~, *n*, and maximal current obtained from fitting the concentration-response relationships with the Hill equation (solid lines in [Fig. 6](#fig6){ref-type="fig"} B) are: 2.5 ± 0.7 μM, 1.2 ± 0.3, and 1,200 ± 110 pA, and 0.5 ± 0.1 μM, 2.7 ± 0.6, and 1,100 ± 50 pA, for 0.2 μM IVM and 1.0 μM IVM, respectively. It appears from these results that the higher affinity site for IVM primarily increased the maximal response to ATP while the lower affinity site for IVM primarily increased the sensitivity to ATP and the apparent cooperativity of ATP.

The Effects of IVM on Unitary hP2X~4~ Receptor Channel Currents Measured in the Outside-out Configuration of the Patch-clamp Technique
--------------------------------------------------------------------------------------------------------------------------------------

Together, the results presented thus far are consistent with two distinct allosteric effects of IVM on the hP2X~4~ receptor channel. To resolve the mechanisms by which IVM increases the maximal current and slows the rate of deactivation, single channel currents were measured. Single-channel currents activated by extracellular ATP were initially recorded in the outside-out configuration of the patch-clamp technique. The membrane potential was held at −150 mV since the conductance of P2X~4~ receptor channels is relatively small ([@bib12]; [@bib26]). The pipette contained the standard intracellular solution and the patch of membrane was continuously perfused with the standard extracellular solution. Upon exposing the patch to extracellular ATP (0.3--100 μM) bursts of channel activity were detected in 76 of 264 outside out patches tested. However, in all but 3 of the 76 patches channel activity was lost within 40 s and did not recover following several minutes of wash in the absence of ATP. One of the three patches in which channel activity persisted for several minutes is presented in [Fig. 7](#fig7){ref-type="fig"}. Representative current traces recorded in the presence of 3 μM ATP are shown. Downward (inward) current deflections indicate channel opening and the dashed lines indicate the average current level in the main conducting state in the absence of IVM (control). Initially, ATP was applied for 5 s under control conditions (top current trace). Subsequently, the patch was exposed to 3 μM IVM for 6 min and ATP applied again for 5 s (IVM~1~). In the presence of IVM the baseline current tended to fluctuate, and the current recordings were typically noisier than in the absence of IVM. Nevertheless, it is clearly evident that in the presence of IVM channel open time is greatly increased. A small (∼20%) increase in the unitary current amplitude with IVM is also apparent. When IVM was washed out for 6 min and ATP was applied again (wash~1~), the effect of IVM on channel open time was greatly reduced. The application and washout of IVM were repeated at 6-min intervals (IVM~2~ and wash~2~), revealing once again the significant effect of IVM on the open time of the channel. These results clearly indicate that the sixfold increase in I~max~ in saturating ATP concentrations observed in whole-cell recordings in response to IVM ([Fig. 6](#fig6){ref-type="fig"} B) is primarily not due to an increase in unitary conductance and likely involves changes in channel gating.

![Representative current records from an excised outside-out membrane patch exposed to 3 μM ATP. Downward (inward) currents indicate channel opening. Shown is channel activity under control conditions (control), 6 min after exposing the patch to 3 μM IVM (IVM~1~) and 6 min after washing out the IVM (wash~1~). The application and washout of IVM were repeated (IVM~2~ and wash~2~). The dashed lines present the average current of the main conductance state during the first exposure to ATP (control). Holding potential −150 mV. Sampled at 50 kHz and filtered at 1 kHz for display.](200308986f7){#fig7}

The Effects of IVM on Unitary hP2X~4~ Receptor Channel Currents Determined from On-cell Patches
-----------------------------------------------------------------------------------------------

The rapid loss of channel activity in excised patches of membrane suggests that an intracellular factor is important for continued channel function. To obtain sufficient single-channel data to quantify the effects of IVM on channel gating, channel activity was recorded in the cell-attached mode of the patch-clamp technique. The cells were bathed in a solution containing 150 mM KCl in order to shunt the membrane potential to zero, whereas the patch of membrane underlying the pipette was clamped to −150 mV. Although it is possible to change the composition of the solution in the pipette during on-cell recording, this is a rather slow process and it is difficult to determine when complete solution exchange has taken place. We, therefore, measured channel activity under a single experimental condition in each patch, and made comparisons between patches exposed to ATP alone (control) and patches exposed to ATP plus 0.3 or 1.5 μM IVM. These concentrations of IVM were chosen since 0.3 μM IVM primarily modified I~max~ in the whole-cell recordings while 1.5 μM IVM modified both I~max~ and *t* ~1/2~ ([Fig. 5](#fig5){ref-type="fig"}). To provide sufficient time for IVM to equilibrate (see [Fig. 4](#fig4){ref-type="fig"}), the cells were preincubated with IVM for 20--25 min before forming a tight seal and the recording pipette also contained the appropriate concentration of IVM. A relatively low concentration of ATP (0.3 μM) was used in the pipette solution in order to minimize the simultaneous activation of multiple channels and to limit channel desensitization.

Without ATP in the pipette solution, there were no channel openings resembling hP2X~4~ receptor channel currents in either the absence (*n* = 30) or presence (*n* = 20) of IVM. In contrast, with 0.3 μM ATP in the pipette, a channel with a unitary conductance of ∼12 pS at −150 mV was observed in 96 of 197 patches. In these patches, channel activity disappeared after several minutes, suggesting that even at low ATP concentrations the channels enter a long-lasting desensitized state. [Fig. 8](#fig8){ref-type="fig"} A shows representative current records in the absence and presence of either 0.3 or 1.5 μM IVM, as indicated above each current trace. The downward deflections in the current indicate channel openings and the dashed lines represent the average current level in the open state measured in the absence of IVM. It is immediately apparent that as in the outside-out patches, IVM had a small (but statistically significant) effect on the unitary current amplitude. On average, the conductance of the channel in the absence of IVM was 11.8 ± 0.8 pS (*n* = 5), increasing to 15.3 ± 0.7 pS in 1.5 μM IVM (*n* = 5), (P \< 0.05, unpaired Student\'s *t* test). It is also clearly evident that 1.5 μM IVM considerably prolonged the open times. This increase in open time is not due to the greater potency of ATP in the presence of IVM ([Fig. 6](#fig6){ref-type="fig"} B), since raising the concentrations of ATP in the absence of IVM did not significantly prolong the mean open time ([Fig. 8](#fig8){ref-type="fig"} B). [Fig. 8](#fig8){ref-type="fig"} C shows examples of 30 s of continuous current recordings under control conditions (top trace) and in the presence of 1.5 μM IVM. The absence of superimposed channel openings despite the significant channel activity in the patch exposed to 1.5 μM IVM indicates that IVM significantly increases Po (see also [Table I](#tbl1){ref-type="table"}). Whether IVM also recruits silent channels remains to be determined.

![The effects of IVM on unitary hP2X~4~ receptor channel currents in on-cell patches. (A) Representative current records from three different on-cell patches. The pipette solution contained extracellular solution supplemented with 0.3 μM ATP (top trace), 0.3 μM ATP plus 0.3 μM IVM (middle trace), or 0.3 μM ATP plus 1.5 μM IVM (bottom trace). When IVM was included in the pipette solution, the cell was incubated in the same concentration of IVM for at least 25 min before establishing the cell-attached configuration. The dashed lines present the average current in the open state under control conditions. Sampled at 50 kHz and filtered at 1 kHz for display. (B) Representative single-channel current record with 3 μM ATP in the pipette solution. Same calibration as in A. Note the brief openings within the burst in comparison to the long openings induced by 1.5 μM IVM. (C) Representative current records 30 s in duration, from two different on-cell patches. The pipette solution contained extracellular solution supplemented with 0.3 μM ATP (top trace) or 0.3 μM ATP plus 1.5 μM IVM (bottom trace). Same experimental protocol as in A.](200308986f8){#fig8}
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Gating Properties of the hP2X~4~ Receptor Channel
-------------------------------------------------

In the control experiments and in most of the experiments with 0.3 μM IVM it was not possible to determine the total number of channels in the patch or whether two adjacent bursts of channel openings were from the same or different channels due to the relatively low Po. Consequently, kinetic analysis was largely restricted to the number and duration of open and shut events within a burst of channel activity and to the duration of the bursts using patches for which at least 1,200 open and shut events could be analyzed. The durations of all open and shut intervals were measured first with half-amplitude threshold analysis. The open and shut intervals were then log-binned into 1-D dwell-time distributions and the distributions were fit with sums of exponentials to determine the number of significant exponential components. [Fig. 9](#fig9){ref-type="fig"} A plots open and shut dwell-time distributions for one experiment recorded under control conditions. The open (left panel) and shut (right panel) distributions were best fit with the sums of three and five significant exponential components, respectively (continuous lines). The time constants and magnitudes of the significant exponential components fit to the open and shut dwell time distributions for the control patches (open circles), the patches in 0.3 μM IVM (open triangles), and the patches in 1.5 μM IVM (filled inverted triangles) are summarized in [Fig. 9, B and C](#fig9){ref-type="fig"}, and in [Table I](#tbl1){ref-type="table"}. As might be expected from the single-channel current traces ([Figs. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}), it is evident that 1.5 μM IVM gave rise to two open states of long duration not observed under control conditions or in the presence of 0.3 μM IVM. It is also apparent from [Fig. 9](#fig9){ref-type="fig"} B that the three longest shut components were reduced in duration by 1.5 μM IVM, consistent with the increase in Po induced by IVM ([Fig. 8](#fig8){ref-type="fig"} C). The time constants of the two most brief shut components were not significantly affected by 1.5 μM IVM despite the overall increase in Po, suggesting that these components represent shut events within a burst of channel activity.

![The effects of IVM on hP2X~4~ receptor channel gating are complex. (A) Distributions of open (left) and shut (right) interval durations for unitary hP2X~4~ receptor channel activity recorded from an on-cell patch in response to 0.3 μM ATP under control conditions. The solid lines are the maximum likelihood fits with sums of exponentials. The open and shut intervals were described by the sum of three and five significant exponential components, respectively (patch c02 in [Table I](#tbl1){ref-type="table"}). (B and C) Time constants (B) and areas (C) of the open (left) and shut (right) significant exponential components fitted to the dwell-time distributions of the channels exposed to 0.3 μM ATP alone (open circles), 0.3 μM ATP plus 0.3 μM IVM (empty triangle), or 0.3 μM ATP plus 1.5 μM IVM (full triangle). The values are presented in [Table I](#tbl1){ref-type="table"}.](200308986f9){#fig9}

In 1.5 μM IVM it was not possible to reliably determine a minimal shut time (critical time) that would define the end of a burst since the third shut component (counting from the most brief component) was only 3--5-fold longer than the second component. Hence, burst analysis was used only to compare between the control experiments and the experiments in 0.3 μM IVM. To prevent possible errors arising from the selection of a specific critical time, critical times ranging from 1 to 50 ms were examined. [Fig. 10](#fig10){ref-type="fig"} A shows the number of openings per burst (left) and burst duration (right) as a function of critical time under control conditions (open circles) and in the presence of 0.3 μM IVM (filled circles). Although the bursts are not well separated for this channel, it is evident that 0.3 μM IVM increased both the number of openings per burst and burst duration for all tested critical times. An increase in burst duration that is not accompanied by an increase in mean open time or mean shut time within a burst could arise from a greater efficacy of ATP, and/or from reduced channel desensitization. However, since low concentrations of IVM had little effect on the EC~50~ of the ATP concentration-response relationship ([Fig. 6](#fig6){ref-type="fig"} B), the increase in burst duration is likely due to reduced channel desensitization. This conclusion is supported by measurements of the effects of 0.2 μM IVM on the rate of deactivation of whole-cell currents activated by 30 μM ATP ([Fig. 10, B and C](#fig10){ref-type="fig"}).

![The higher affinity site of IVM reduces hP2X~4~ receptor channel desensitization. **(**A) Number of opening per burst (left) and burst duration (right) induced by 0.3 μM ATP as a function of the critical time between bursts of channel activity in the absence (open circles) or presence of 0.3 μM IVM (full circles). (B) Perforated-patch whole-cell currents in response to 2-s application of 30 μM ATP in the absence (left) and presence (right) of 0.2 μM IVM. The cell was incubated for 30 min with 0.2 μM IVM before exposure to ATP. Holding potential −60 mV. Calibration bars, 150 pA (left) and 500 pA (right). (C) Average (±SEM) desensitization after 2-s exposure to 30 μM ATP in the absence (control) and presence of 0.2 μM IVM (*n* = 8). The statistical significance between the groups was determinate with unpaired Student\'s *t* test, where \*\*\* represent P \< 0.001.](200308986f10){#fig10}

In summary, 0.3 μM IVM increased burst duration without significantly affecting mean open time or single-channel conductance, whereas 1.5 μM IVM substantially prolonged mean open time and increased the probability of channel opening. The relationship of these effects of IVM to the changes in ensemble ATP-activated currents is addressed in the [discussion]{.smallcaps}.

DISCUSSION
==========

The aim of this study was to examine the mechanism underlying the actions of IVM on the human P2X~4~ receptor channel. From the whole-cell data it is clear that IVM at concentrations \>1 μM has two distinct effects on hP2X~4~ receptor channels: up to a sixfold increase in the maximum current activated by saturating concentrations of ATP, and up to a 10-fold slowing of the rate of current deactivation ([Fig. 5](#fig5){ref-type="fig"}). These two phenomena can be explained by assuming that IVM binds to separate sites, with the increase in maximal current resulting from the binding of IVM to a higher affinity site than the site that leads to a reduction in the rate of deactivation. This assertion is based on the following observations: (a**)** The time courses of onset and washout of the effect of IVM on I~max~ and on *t* ~1/2~ were significantly different ([Fig. 4](#fig4){ref-type="fig"}). (b**)** The effect of IVM on *t* ~1/2~ deviates from a second order reaction ([Fig. 4](#fig4){ref-type="fig"}). (c**)** The effects of IVM on I~max~ and on *t* ~1/2~ have distinct concentration-response relationships ([Fig. 5](#fig5){ref-type="fig"}). (d**)** Low concentrations of IVM primarily increase the maximal response to ATP, whereas higher concentrations of IVM primarily increase the apparent affinity for ATP ([Fig. 6](#fig6){ref-type="fig"} B). (e**)** The single-channel behavior of hP2X~4~ receptor channels are distinct at low and high concentrations of IVM ([Figs. 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}).

There is insufficient data to construct a kinetic scheme which incorporates the effects of IVM on the gating of hP2X~4~ receptor channels. Nevertheless, since functional P2X receptor channels likely contain three subunits ([@bib27]; [@bib35]), it is tempting to speculate that each channel has three identical binding sites for IVM. In this case, perhaps the binding of one molecule of IVM is sufficient to induce the observed effects of IVM on I~max~. In contrast, the binding of a single molecule of IVM cannot account for the effects of IVM on *t* ~1/2~, since a single binding site cannot give rise to a rate of recovery during washout that is faster than the rate of onset ([Fig. 4](#fig4){ref-type="fig"} B). Hence, we speculate that through allosteric interaction, the binding of the first molecule of IVM reduces the affinity of additional IVM molecules binding to the receptor (negative cooperativity). However, when one or two additional molecules of IVM bind to the receptor, the open state of the channel is greatly stabilized, giving rise to a substantial slowing of the rate of current deactivation. This model accounts for the higher concentrations of IVM needed to induce changes in *t* ~1/2~ in comparison to I~max~ and can account for the apparent deviation from second order reaction for the effects of IVM on *t* ~1/2~.

The slow onset and washout of the effects of IVM suggests that IVM, which is lipophilic, might need to partition into the membrane to reach its binding sites. If this is the case, these sites must be close to the extracellular face of the membrane since intracellular IVM had no apparent effect on channel gating ([Fig. 2](#fig2){ref-type="fig"}). The binding site for IVM appears to be extracellular in other channels as well, including the crayfish multiagonist--gated chloride-selective channel where application of IVM to the cytoplasmic side of inside-out patches had no effect ([@bib38]), and the glutamate-gated chloride channel from *Drosophila melanogater* ([@bib7]) and the α7 nicotinic receptor ([@bib21]) that could be activated by extracellular IVMPO~4~, a hydrophilic form of IVM.

In an attempt to identify the molecular mechanisms underlying the effects of IVM, we examined single-channel activity in the absence and presence of IVM. Under control conditions, 2--3 and 4--5 significant exponential components fit the distributions of open and shut durations, respectively ([Fig. 9](#fig9){ref-type="fig"}). These observations suggest that hP2X~4~ receptor channels gate among a minimum of three open and five shut states. At low concentrations (0.3 μM), IVM had minor effects on the number, duration, or area of the open and shut components ([Table I](#tbl1){ref-type="table"}). In contrast, at a higher concentration (1.5 μM), IVM gave rise to two additional open components of long duration, reduced the duration of the three longest shut components, and reduced the area of the shortest and two longest shut components. These results indicate that the effects of IVM on channel gating are highly complex and, thus, it was not feasible to construct a kinetic model for the effects of IVM on channel gating. To achieve this goal it would be necessary to examine the effects of multiple concentrations of IVM on patches containing a single channel. This could not be achieved due to the rundown of channel activity in outside out patches.

There were no significant effects of low concentrations of IVM on mean open time, or on single-channel conductance, whereas burst duration increased 3--5-fold (for critical times between 5 and 20 ms). The absence of an obvious change in either the mean open time or mean shut time per burst ([Table I](#tbl1){ref-type="table"}) or in the apparent affinity for ATP ([Fig. 6](#fig6){ref-type="fig"} B), suggests that the increase in burst duration induced by low concentrations of IVM results from less desensitization. We propose that in the absence of IVM the channels enter a desensitized state after activation within tens of milliseconds from which they can recover at a relatively low rate (hundreds of milliseconds). As a result, when ATP is applied under control conditions a fraction of the channels desensitize before the current fully develops. If IVM diminishes desensitization (either by increasing the rate of recovery from desensitization or by slowing the rate of entry into the desensitized state), then the number of channels contributing to the maximal current would increase substantially, giving rise to an increase in I~max~.

Burst analysis could not be reliably applied to channel activity in 1.5 μM IVM due to the high Po. Nevertheless, the striking effect of high concentrations of IVM on mean-channel open time can largely account for the significant decrease in the rate of current deactivation after the washout of ATP observed in whole-cell recordings. In view of the significant effects of IVM on the stability of the open conformation of the channel, it is tempting to speculate that the observed increase in the potency of ATP ([Fig. 6](#fig6){ref-type="fig"} B) reflects effects of IVM on channel gating rather then on the binding site for ATP.

In humans, IVM is typically given as an oral dose of 150 mg/kg, once a year. This dose, which has minimal adverse effects, results in a peak plasma concentration of IVM of ∼50 ng/ml. In a recent study, higher concentrations of IVM were tested, resulting in a threefold greater peak plasma concentration, also with no significant adverse experiences ([@bib15]). In view of the broad distribution of P2X~4~ receptor channel mRNA in human tissues ([@bib14]) and given that the EC~50~ for the high affinity site for IVM was 0.25 μM, which is ∼220 ng/ml, it is surprising that IVM is so well tolerated. The tolerability of IVM is likely due in part to its exclusion from the central nervous system by P-glycoproteins in the endothelial cells of brain capillary ([@bib23]; [@bib28]). This could not explain, however, the limited adverse effects of IVM on peripheral tissues. P2X~4~ receptor channel mRNA is abundant in human heart, adrenal, liver, kidney, skeletal muscle, and trachea ([@bib14]), and in rat, P2X~4~ receptor channel protein is extensively expressed in epithelia, vascular and visceral smooth muscle, and fat cells ([@bib3]). These findings might indicate that native human peripheral P2X~4~ receptor subunits are in association with other subunits, which reduce or eliminates the sensitivity of the receptor to IVM, or that native human P2X~4~ receptor channels are less sensitive to IVM either due to regulatory mechanisms or due to inaccessibility of the binding sites to IVM.
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